Well-structured ZnO nanotubes are obtained by a self-selective etching method with lowering temperatures of growth during the hydrothermal process.
INTRODUCTION
Nowadays, due to increased manufacturing and traffic intensity pollution of the environment by heavy metals, such as lead, cadmium, mercury, cobalt, cuprum, arsenic, has become one of the most topical problems [1] - [6] .
Heavy metal ions are toxic and cancerogenic; they are accumulated by living organisms causing long-term intoxication and a lot of chronicle and acute diseases [1] , [2] .
One of the most dangerous environmental pollutants is lead [7] - [9] . As a result of manufacturing, such as leather and textile treatment and fabrication, metalworking, pharmacy, chemical and battery manufacturing etc., it is released into the atmosphere and subterranean waters as well as into soil with further accumulation by plants.
Due to high hazardous properties of heavy metals, it is very important to minimise humans' contact probability with sources of lead ions, and one of the solutions to this problem is higher purification of wastewater to prevent lead ions from entering the environment.
Various treatment techniques have been developed for the removal of toxic contaminants from wastewater, such as adsorption, ion exchange, chemical precipitation, membrane-based filtration, reverse osmosis, coagulation-sedimentation and so on; however, the most promising and effective method is adsorption [1] , [2] .
This method is easily performed, inexpensive and sensitive to both organic and nonorganic pollutants, for example, for removal of several kinds of metal ions, organic dues and so on.
In many studies, special attention is devoted to mesoporous and nanostructured materials as a sorbent due to a significantly larger effective area and a higher number of active bounds compared to bulk material of similar composition [4] , [7] , [10] , [11] .
ZnO nanostructures are a promising candidate for many purposes: they are sensitive to all heavy metal ions to a greater or lesser extent and show excellent adsorption results for most hazardous ones, such as lead, cadmium and mercury [2] - [5] , [10] , [12] . ZnO nanostructures are presented in multiple morphologies and that is why it is possible to change sorption properties depending on the intended purpose and kind of pollutant without changing initial chemicals and sorbent obtaining method. Another important feature is that ZnO is chemically inactive; therefore, it does not cause secondary pollution.
As shown in [4] , ZnO nanostructures demonstrate good regeneration and reusability without significant loss of sorption capacity for subsequent cycles after three desorption cycles that lower the overall cost of the adsorption process and are environmentally friendly.
MATERIALS AND METHODS

Seed Layer Growth
Seed layer was obtained to provide orientation of nanotubes along vertical direction during epitaxial growth process and ensure good connection of nanostructure with smooth surface of the substrate.
Previous research [13] shows that one of the most optimal methods for obtaining the seed layer is growing from zinc acetate ethanol solution. Acetate-delivered seed layer provides good crystallinity and orientation along z-direction, and only acetate seed provides needle-like nanorod with sufficiently large diameter for further transformation into nanotubes during a two-step hydrothermal growth process.
Samples were prepared under the following conditions. Glass plates were cleaned by consistent immersing in alkaline and acidic aqueous solutions, several times rinsed with deionized water and dried at 90˚C for 30min. Then glass plates were dipped into ultrasonically shaken flask containing 5 mmol Zinc acetate Zn(CH 3 COOH) 2 *2H 2 O ethanol solution, then rinsed in pure ethanol and dried with nitrogen gas flow.
This procedure was repeated 2-4 times depending on the desired fineness of seed layer. After dipping procedure the samples were annealed at 250˚C for 30 min to convert acetate layer to ZnO during calcination.
ZnO Nanotube Growth
ZnO nanotubes were obtained using the hydrothermal growth method. For this purpose 0.1M equimolar zinc nitrate hexahydrate (Zn(NO 3 ) 2 *6H 2 O) and hexametientetramine HMTA (C 6 H 12 N 4 ) aqueous solution were prepared and several chemical reactions took place:
In these reactions, zinc nitrate provided the source of Zn 2+ ions, but HMTA produced slightly alkaline medium and provided Zn 2+ ions with OH -. All mentioned reactions were in equilibrium and might be shifted from equilibrium condition by changing physical parameters of reaction such as growth temperature, concentration of precursor, pH and growing time.
In this way, it is possible to obtain nanostructures with tunable morphology, size and density of distribution depending on the initial purposes of research [13] .
Working solution was poured into a beaker with lid and then glass plates with seed layer were immersed face downward with the aim to prevent undesirable sedimentation during the chemical reaction.
Beaker was placed into the preheated LINN HIGH THERM furnace and then temperature was maintained 90 ˚C.
The growing process occurred during two stages: a. Temperature was set to 90 ˚C and maintained for 3h; b. Temperature was lowered to 50 ˚C-60 ˚C and maintained for 18h-20h; This sequence of the process corresponds to the principles of self-selective etching method, when at the first stage in relatively short time at a high temperature the growing process of ZnO nanorods intensively occurs in both lateral and axial directions, but after lowering the temperature in a significantly longer time period, compared to the first stage, the aging process occurs when ZnO metastable planes are etched during the chemical reaction with residual chemicals of growth solution [14] - [17] .
It should be noted that the growth and aging processes occur at both stages, but at the second stage in constant volume of solution after a long period of growth supply of Zn 2+ ions is already exhausted; therefore, growth process of nanotubes is suppressed and the etching processes begin to dominate.
In comparison with obtaining the nanotubes during chemical etching, the selfselective method has a lot of advantages: it is mild, selective and non-degradable for the whole surface of nanorod (during the indicated time period only metastable planes are etched) and there is no contact with additional chemicals that raises purity of the obtained sample.
As shown in Fig. 1 , there are two kinds of nanotubes: the fully etched nanotubes with a deep hole and the ones that are partially formed with low walls and easily visible basis.
The second type of nanotubes may experience another mechanism of growth [18] .
According to the nucleation theory, growth species with higher probability will condense at places with a higher number of neighbour particles such as defects, steps, edges.
For an atomically flat 2D growth surface without defects and steps, higher binding energies at the edges will enable selective condensation of growth species at the edges. For ZnO, it is well known that the growth rate along the c-axis is relatively faster; thus, if the decreased growth temperature is low enough to suppress migration along the 2D surface of the c-plane but high enough to sustain the growth along the c axis, the condensation and growth will be limited at the edges of the c-plane of ZnO that causes the formation of nanotubes on the nanorod base.
The dominating growing mechanism depends on Zn-terminated or O-terminated plane completes {002} plane at the end of the first stage of growth before lowering the temperature.
Experimentally found duration of growth stages provides optimal dimensions and etching intensity of the obtained nanostructures, when nanotubes are sufficiently etched, but are not fully destroyed [13] .
Analysis of Morphology and Structural Properties
Morphological and structural composition of the obtained sample was determined using the scanning electron microscope TESCAN-VEGA LMU II.
For structural and phase composition determination, XRD spectra were obtained using RIGAKU Smart Lab Cu-Kα (λ=1.543 Ǻ) at parallel beam scanning geometry and additional Ge(220)x2 bounce monochromator.
Analysis of Lead Ion Adsorption Process
Optical measurements were carried out by Shimatzu spectrophotometer. With the aim to analyse adsorption processes of Pb 2+ ions using ZnO nanotubes as a sorbent, lead nitrate aqueous solution of different concentrations (30mM/l300mM/l) was obtained (see reaction 5).
Glass plates covered with nanotubes were placed into cuvette containing zinc nitrate aqueous solution and transmittance spectrum measurements for each concentration were carried out.
For comparison purposes, the same procedure was carried out for nanorodcovered plates obtained at 0.1M equimolar Zn(NO 3 ) 2 and HMTA solution at 90 ˚C for 3h.
Chemical composition of adsorbed layer was determined by INCA EDS, but for phase composition determination XRD spectra were taken.
Deposition mechanism was explained as precipitation due to covalent bond formation between Pb (II) ions and ZnO surface (A bond). Donor-acceptor or coordination bond is also possible between surface of ZnO and Pb (II) (B bond) (Fig. 2  e) [4] .
As shown in [2] , the adsorption process depends on pH of solution. When pH> pH pzc , where pH pzc is pH level at a zero charge point, chelate complexes between ZnO nanoparticles and Pb ions form. At a low pH level, chelate sites occupy H + making them neutral. This adsorption mechanism is preferential, but also a small amount of Pb (II) can be adsorbed at pH < pHpzc during the ion exchange mechanism. It means that Pb 2+ has greater affinity to ZnO compared with H + so that H + can be exchanged by metal ion during ion exchange. Ion exchange process occurs more slowly than surface complexation (formation of chelate complexes) during presence of organic molecular impurities on surface of ZnO nanostructures, which causes steric factor during the metal ion adsorption process.
RESULTS AND DISCUSSION
SEM images and XRD spectra of the obtained ZnO nanotubes samples are shown in Fig. 1 . The array of obtained nanotubes is well aligned with the preferred orientation along vertical direction as evidenced by higher peak intensity compared to another that corresponds to {002} plane. Low intensity of amorphous background indicates that samples are highly crystallized and the analysis of the obtained peak shows no mismatching in the presence of ZnO crystalline phase.
For Pb 2+ ion adsorption process analysis, samples were cut into narrow strips and placed to the Petri dish containing 300mM/l-30mM/l Pb(NO 3 ) 2 aqueous solution under continuous stirring. SEM images display (Fig. 2) that by decreasing concentration of working solution the size of crystallites, which were formed due to the adsorption process, significantly increases. This is due to the fact that at high concentration of precursor growth particles with higher probability cooperate to create new seed grain instead of participating in the existing grain.
Chemical composition determined by EDS shows that deposition of lead ions occurs intensively, the sediment contains only Zn and O and XRD pattern of sample after adsorption procedure confirms (Fig. 3) that sediment consists of different kinds of lead oxides and monoclynic α-modification of Pb 2 O 3 and rhombic Pb 3 O 2 (NO 3 ) 2 are the most widely represented ones. Corresponding to the shape of each crystal system, crystallites are observed from SEM images. Capacity of static adsorption was determined by equation (1). (1) where q e is the amount of adsorbed Pb(II) (mg g -1 ), C 0 and C e are the initial and equilibrium concentration of Pb(II) ions in solution (mg L -1 ), respectively, V is volume of solution (L) and m is sorbent mass (g).
Calculations show that static adsorption capacity of ZnO nanotubes and nanorods obtained under the same conditions is 611 mg/g and 256mg/g, respectively. Measurements were taken at room temperature using 300mM/l solution and immersing for 5min.
The obtained values mean that ZnO nanotubes in comparison with nanorods show better sorption properties per mass unit of sorbent for Pb 2+ ion due to a larger effective surface and they are higher than that of ZnO nanorods and hollow microspheres as indicated in [2] , [4] , [10] .
Optical transmittance spectra were taken with the aim to obtain the additional information about lead adsorption process on surface of ZnO nanotubes.
For this purpose, ZnO nanotube-coated glass plates were placed into a cuvette containing distilled water and the obtained spectra were accepted as a reference. Then water was replaced with 300mM/l-30mM/l Pb(NO 3 ) 2 aqueous solution and spectra were carried out repeatedly, with different time delay of 0-30 min, in order to track lead sedimentation process in time and find out differences.
As shown in Fig. 4 , during the reference experiment only one absorption edge at 380 nm corresponding to pure ZnO was observed.
When water was replaced with different concentrations of lead nitrate solution, distinct differences were observed for each concentration: ZnO corresponding adsorption edge was shifted to a shorter wavelength area that indicated structural changes in ZnO due to precipitation of lead oxide and, apart from the main absorption edge corresponding to ZnO, the second absorption edge appeared and its value at 350 nm corresponded to the value specified for lead oxide by [19] .
According to time differences of the obtained spectra, the adsorption process occurred rapidly: strong differences in shape of transmittance spectra were observed only for "as immersed" sample compared to the reference sample when the second absorption edge appeared immediately after immersion and the shape of spectra was constant during the entire experiment: by increasing time delay between two measurements only a change in intensity was observed, and there was no shape change. Differences in the intensity of spectra increased along with a decrease in lead nitrate concentration: at maximal 10 % concentration spectra almost had no changes in time and after 30 min immersion had a slight difference in intensity compared to spectra of "as immersed" sample.
It should be noted that at higher concentration, changes in the transmittance value compared to the reference measurement with distilled water were observed immediately without time delay when lead nitrate solution was poured ("as immersed" samples), but in case of less concentration such as 2.5 % and 1 % an increase in transmittance was not observed during "as immersed" measurement (spectra were practically the same to the reference with the only difference being the second adsorption edge) and appeared only after 15-30min of time delay.
By comparing transmittance spectra of ZnO nanotubes and nanorods (Fig. 5) , it can be concluded that nanorods have a time lag according to the adsorption process: after changing distilled water to lead nitrate solution no changes in intensity and no second adsorption edge corresponding to lead oxide are observed at first (Fig.  5a ) and they appear only in 20-30 min, despite the fact that for tubes obtained under the same condition the second adsorption edge appears immediately (Fig. 5b) . 
CONCLUSIONS
In the present research, well-aligned ZnO nanotube arrays have been obtained using a hydrothermal growth method, and then they have been used as a sorbent to evaluate efficiency of sedimentation process of lead ions on ZnO surface with the aim to apply ZnO nanostructures as a sorbent for water purification from lead contaminants.
It has been determined that lead precipitates to ZnO as a blend of different kinds of lead oxides (PbO, Pb 2 O 3 , Pb 3 O 4 ) and pure lead (Pb).
The experiment has shown that ZnO nanotube array demonstrates an approximately twofold higher value of static adsorption capacity (>600 mg/g) than that of ZnO nanorods grown under the same conditions.
Optical measurements have shown that ZnO nanotubes have higher responsiveness and sensibility to changes in the concentration of lead nitrate solution.
Detection of lead ions in aqueous solution can be carried out through the analysis of change in the shape of transmittance spectra: due to sedimentation process, the second absorption edge appears and ZnO adsorption edge shifts to a short wave region.
